Around 2$8 billion people, mostly in developing countries, currently lack adequate sanitation. Approximately half live in urban areas, where the most appropriate sanitation solution is commonly simplified sewerage. This paper presents the rigorous hydraulic design basis of simplified sewerage and compares this design approach with that used in the UK for conventional sewerage. It reviews simplified sewerage construction and how this achieves major cost savings and also avoids the problems commonly experienced with manholes.
INTRODUCTION
In 2000 the World Health Organization and Unicef estimated that around 2$2 billion people lacked adequate sanitation; of this number, around half were in rural areas and half in urban areas. 1 In 2004 this estimate was revised upwards to around 2$8 billion people. 2 Whereas in rural areas sanitation provision is most likely to be with on-site systems (such as ventilated improved pit (VIP) latrines and pour-flush toilets), in highdensity low-income urban areas there is usually insufficient space for on-site systems for individual households. Often the only viable form of sanitation is low-cost sewerage which is typically 'simplified' sewerage, developed in the northeast of Brazil in the early 1980s where it is also known as 'condominial' sewerage. [3] [4] [5] The basic design concepts of simplified sewerage were incorporated into the 1986 revision of the Brazilian national sewerage design code 6 and since then the system has been widely adopted throughout Brazil.
Although simplified sewerage was developed for low-income urban areas (Figure 1 ), it has also been successfully used in some rural areas, for example in the northeastern Brazilian state of Ceará, 7 and also in high-income urban areas, principally in Brasília 8 ( Figure 2 ). Simplified sewerage has also been successfully used in other Latin American countries (notably Bolivia and Peru) and some Asian countries (Pakistan and Sri Lanka).
The principal attraction of simplified sewerage is that its capital costs are approximately half those for conventional sewerage (Table 1 ; see also Section 4) . This means that the monthly charge for the service (typically applied as a percentage surcharge on the monthly water bill) is generally low enough not to cause lowincome households any financial hardship. For example, in January 2008 the monthly charge for simplified sewerage in lowincome urban areas in the state of Rio Grande do Norte in northeast Brazil was US$ 3$50, equivalent to only 1$7% of the minimum wage. 2. SIMPLIFIED SEWERAGE DESIGN
Development of design equations
The development of the hydraulic theory of simplified sewerage is important because it demonstrates that its hydraulic design is at least as rigorous as that used for conventional sewerage design, if not more so. The design approach for simplified sewerage used in Brazil is based on the concept of tractive tension, also known as boundary shear stress. 10 This is the stress experienced by settleable solids within the sewer due to the flow of the wastewater which, if large enough, keeps the solids in suspension and so prevents any solids deposition that may lead to sewer blockage.
There are five other factors that govern the hydraulic design: the minimum peak flow; the minimum and maximum proportional depths of flow (i.e. the depth of wastewater flow d divided by the internal diameter of the sewer D); the minimum sewer internal diameter and the peak flow factor (i.e. the peak flow divided by the average daily flow). The minimum peak flow is the value used to determine the minimum gradient at the head of the sewer network where the normal peak flow factor has little meaning; the value chosen is intended to represent the discharge from a single WC.
The design values used in Brazil are 11, 12 The tractive tension is derived from the component of the weight of wastewater in a length of sewer that is acting in the direction of flow and is balanced by the tractive tension acting on it. The average tractive tension is given by
where r is the density of wastewater (kg/m 3 ), g is acceleration due to gravity (m/s 2 ), r is the hydraulic radius (m) and i is the sewer gradient (m/m). The design value for t used in Brazil (1 N/m 2 ) has been found to be adequate in both poor and non-poor housing areas, where 'adequate' means the occurrence of an acceptably low level of sewer blockage. The hydraulic radius r varies with the proportional depth of flow
where q is the angle subtended at the centre of the sewer by the wastewater surface (radians) and is defined q Z cos K1 ½1K2ðd=DÞ 3 Equation (1) 
where n is Manning's dimensionless roughness coefficient (commonly taken as 0$013 and independent of the sewer material as it depends on the roughness of the bacterial slime layer growing on the sewer wall). Substituting vZq/a in equation (6) and rearranging gives
where q is the flow in the sewer at a given proportional depth of flow of d/D (m 3 /s) and a is the area of flow at this d/D (m 2 ). The area of flow is also given by
Substituting for r and a from equations (2) and (9), respectively, equation (7) 
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Writing t as t min in equation (11) and rearranging gives an expression for i min , the minimum gradient for any particular wastewater flow rate
Using the values of t min and minimum proportional depth of flow employed for designing simplified sewerage in Brazil (1 N/m 2 and 0$2, respectively) yields
Rearranging equation (10) and inserting the value for i min given by equation (13) provides a means of calculating the minimum sewer diameter required to accommodate the maximum predicted peak flow, and also a means of determining the maximum size of sewer that will transport the minimum peak flow without either the proportional depth or the tractive tension falling below its specified minimum value
For example, for a minimum peak flow of 1$5 l/s, either a 100 mm or a 150 mm dia. sewer may be used, but equation (14) shows that the maximum diameter that satisfies the design criteria is approximately 180 mm.
Development of a design template
The design procedure consists of determining the minimum gradient i min using equation (14) and the initial (minimum) peak flow q i . Using the minimum gradient, the size of sewer required to convey the final (maximum) peak flow q f is calculated using equation (14) at the maximum proportional depth of flow (0$8). If necessary, the next larger commercially available pipe size would be chosen. It is also necessary to check, for the initial flow, that the chosen sewer diameter does not exceed the maximum diameter for the minimum depth of flow using equation (14), or that the proportional depth of flow is less than the design minimum (0$2). While this procedure can be simplified to some extent by the use of tables (for example, a table of k a and k r for different proportional depths of flow 12 ), it nevertheless remains a rather involved and time-consuming process. One alternative is to automate the design process using computers to calculate the required pipe sizes and gradients, 13 but this approach will be constrained by the availability of computers and the necessary skilled engineers and technicians in developing countries. However, a design chart can be developed relatively simply with a standard spreadsheet program wherein all of the design conditions can be represented in a single diagram. 14 The template in Figure 3 shows, for any flow, the minimum gradient permitted and, for one or more sewer diameters, the upper and lower limits of flow for any gradient. Figure 3 was constructed using the design values used for simplified sewerage design in Brazil given above and Manning's nZ0$013.
To construct the template, the independent variable was taken as the gradient and the following were calculated (a) the minimum flow for the value of gradient selected using equation (11) with tZ1 N/m 2 (b) using equation (11) , for each sewer size to be included in the template and for each value of gradient, the minimum flow using k a and k r for the minimum proportional depth of flow (0$2), and the maximum flow using k a and k r for the maximum proportional depth of flow (0$8).
Further points in the development of the design template are as follows.
(c) When the rate of flow determined from equation (11) falls below the chosen value of q min , then this chosen value of q min (typically 1$5 l/s) is used and a horizontal line on the graph is the result. (d) For a 100 mm dia. sewer, the minimum gradient is governed by the minimum peak flow rather than by equation (13), since the minimum gradient that gives a proportional depth of flow of 0$2 at a flow of 1$5 l/s is about 1 in 9 and so is outside the range of the graph. (e) Where more than two sewer diameters are to be included in one template, it may be more convenient to use a log scale for the flow axis.
Using the design template
To illustrate the use of the template, the following example will be used based on an initial peak flow rate (q i ) of 2 l/s and a final peak flow rate (q f ) of 4 l/s (which allows for future housing development or an increase in water consumption and hence wastewater generation). 
SUPPORTING EVIDENCE FROM THE USA AND THE UK
In Brazil, a review of a wide range of research and practice has led to the development of a consistent set of design rules based on setting values for six design parameters. In addition to fieldbased evidence that the long-term performance of simplified sewerage is generally extremely good, 7 there is substantial evidence of the soundness of the basic assumptions from a number of other sources. For instance, in Nebraska there has been a long and successful history of using 'flat grade sewers', that is 150 mm and 200 mm dia. sewers laid at gradients as flat as 1 in 900, without any 'unusual' maintenance requirements. 15 In the UK, existing sewer design practice is based on the concept of a 'self-cleansing velocity' to be achieved at the daily peak flow, but in recent years there has been an attempt to introduce elements of tractive tension design, although so far with only very limited success. The 1996 report Design of Sewers to Control Sediment Problems 16 (Ciria report 141) outlined objectives that included reducing the cost of small-diameter sewers as these tend to be overdesigned when relying on a single value for the selfcleansing velocity, and reducing the maintenance requirements of large-diameter sewers where sediment accumulation is often problematic. A measure of the regrettable lack of impact of this initiative is that the 2006 edition of Sewers for Adoption 17 (the code of practice for sewerage that governs the adoption of sewers by the statutory sewerage undertakers in England) does not mention Ciria report 141 at all, despite a number of English water companies being represented on the steering committee that guided the development of the report.
However, a comparison between Brazilian simplified sewerage design and Ciria report 141 shows that, for foul sewers of the size of interest (mainly 100 and 150 mm dia. sewers), very similar values for tractive tension are achieved by the two methods despite their differences in approach. Table 2 shows the values of tractive tension at the minimum flow condition for simplified sewerage calculated for 100, 150 and 225 mm dia. sewers using the recommended full-bore velocities and gradients given in Ciria report 141 for the erosion of sediment (assumption C in Table 4 $5 16 for 100 mm dia. pipes and Box 11 for 150 and 225 mm dia. pipes). These results show that for 150 mm dia. sewers the two methods are in close agreement. However, a lower gradient and tractive tension are given by the simplified sewerage method for 100 mm dia. sewers, and vice versa for 225 mm pipes.
Annex C to the standard governing the design of drains and sewers in the UK (BS EN 752-4: 1998) 18 contains a provision that is equivalent to the minimum flow criterion of simplified sewerage but which is not included in Sewers for Adoption, namely that the minimum flow should be taken as 1$6 l/s (i.e. close to the value of 1$5 l/s used in Brazil). Furthermore, a method for determining the design flow for small numbers of connections is also contained in this standard. If these provisions were to be used in practice for sewer design in the UK, there would then be little or no justification in continuing to use the extremely conservative limits on gradients that are included in Sewers for Adoption and also in the National Annex of BS EN 752-4: 1998.
The underlying principles of simplified sewerage are also reinforced by a study carried out on the blockage of sewers in the UK, which concluded that the two principal factors leading to sewer blockages were the level of hydraulic utilisation of the sewer (i.e. d/D) and standards of workmanship during sewer laying. 19 In particular, there did not seem to be any strong relationship between sewer blockage and sewer gradient. In fact, in a survey of about 200 sewer lengths with no reported history of recurrent blockages, it was found that a higher proportion of sewers with gradients in the recommended range of 1 in 33 to 1 in 70 had experienced blockages than either those with steeper or shallower gradients; one short length of sewer was even found to be operating satisfactorily at a gradient of only 1 in 1200. Simplified sewerage explicitly addresses the level of hydraulic utilisation by its wide permissible range of proportional depth of flow (0$2-0$8) and by selecting the smallest sewer diameter that will accommodate the anticipated maximum flow, so exemplifying the hydraulic dictum 'small flows flow better in small pipes'.
CONSTRUCTION OF SIMPLIFIED SEWERAGE SYSTEMS
Ensuring that a sewerage system is designed to function as hydraulically efficiently as possible obviously reduces its construction cost, but there are several other design aspects that significantly reduce costs even further. These include siting sewers in areas where there is little chance of damage from traffic loads, e.g. through back yards, front yards or in narrow lanes. 5, 11 In-block sewers have the advantages that they can be laid at shallow depths, typically with only 200 mm cover, and that two rows of houses can be served by a single sewer branch, so minimising the length of sewer per connection. Major cost savings can also be made through the use of plastic pipes as these are easy to produce to a high quality, are commonly available in 3 m lengths, and are easy to lay with simple and long-lasting joints. Concrete, asbestos cement and vitrified clay pipes can be used but they have a number of disadvantages including their greater weight, shorter lengths, more difficult means of jointing and, in the case of concrete and asbestos cement pipes, a greater likelihood of corrosion due to hydrogen sulfide internally and groundwater externally.
Substantial cost savings are achieved by using simple sewer appurtenances, such as the plastic junction box shown in Figure 5 , rather than expensive manholes as required in conventional sewerage. A further disadvantage of manholes in many developing cities is that they are often poorly constructed with missing or broken covers, so that large quantities of grit and other debris enter the sewers. This is frequently compounded by solid waste being deliberately dumped into them and open stormwater drains being connected to sewers designed only for foul drainage. In such circumstances, the use of larger-thannecessary diameter sewers merely increases the capacity of the system to store solids before blocking completely. In fact, although it delays complete blockage, it also makes it more likely to occur and, when it does occur, much more difficult and costly to rectify due to the greatly increased quantity of solids to be removed. Unless manholes are constructed to a high standard (which is expensive) and any sewer blockages promptly cleared, they are more likely to be part of the problem than part of the solution. This conclusion is reinforced by a study into sewer blockage in the UK 19 where 19% of serious sewer defects were associated with manholes. ( The only defect that was more common was associated with pipe jointing and, given the improvements in pipe materials and jointing since this study was carried out in the 1970s, it is likely that the proportion of manhole defects is now higher.)
IMPEDIMENTS TO THE ADOPTION OF SIMPLIFIED SEWERAGE
A number of projects using some or all of the elements of simplified sewerage have been reported as having a number of serious problems and some as being total failures. 20 The reasons cited include technical failures, largely due to errors in design, materials used and standards of construction. However, failures often occur through factors external to the individual projects, such as the provision of downstream infrastructure (e.g. collector sewers by city or national bodies), pumping stations not operated as intended or failure to ensure adequate provision for future maintenance.
Such is the recognition of the importance of maintaining high construction standards in Brazil, many state water and sewerage companies ensure the hydraulic integrity of their simplified sewers by allowing the sewers to be laid only by contractors they have trained to lay a 100 mm sewer at a gradient of 1 in 200 to a rigorous standard. However, the examples of failed projects seem to indicate that trying to adapt existing standards and practices to provide sewerage at lower cost is unlikely to be very successful. For instance, 'haudis', or small interceptor tanks, have been used in a number of projects in Asia. 21 While these may reduce the amount of silt entering sewers, they have the disadvantage of reducing the peak flow from individual connections and so reducing the capacity of the sewer to transport sediment; they also increase the responsibility for maintenance by individual households without any certainty that it will be carried out. In Brazil, some connections (such as those from commercial establishments where there is perceived to be a high risk of large objects entering the sewer) are provided with 'baffled boxes', but they are designed to avoid sedimentation and are not usually installed on domestic connections. 6, 11 It should also be noted that the use of concrete or asbestos cement pipes is not recommended for simplified sewerage due to the high probability of sulphide attack on the pipe material. 13 It is clear that projects are unlikely to succeed without full agreement with and commitment to technical standards and the social and institutional arrangements for future management and maintenance of the system by all parties affected. 22 It is a mistake, however, to assume that this is too difficult to achieve for a simplified sewerage scheme and that on-site solutions should be pursued instead. Even for the simplest sanitation technologies, all factors (technical, economic/financial, social and institutional) have to be taken into account; however, the removal, transport and disposal of faecal sludge from on-site systems are serious problems for which, at present, there are no simple solutions.
It seems that many sewerage design engineers are unable or unwilling to accept that there are alternatives to traditional, conservative approaches to sewer design, or that substantial cost savings can be made without an intolerable increase in maintenance requirements. Traditional methods are usually based on the concept of a self-cleansing velocity but also include numerous other restrictions, such as a larger-than-necessary minimum sewer diameter and a limit on the number of connections that can be served by a sewer of any given size. These lack any theoretical or empirical basis and may also have unintended but potentially serious consequences.
In most parts of Africa and Asia, there is a fundamental lack of understanding of the principles of simplified sewerage design and construction. Should there be adequate evidence from actual practice to justify a revision of the design rules, care should be taken to ensure that any changes do not conflict with the consistency and simplicity of the design method. For instance, if it seems that there is likely to be an unacceptable increase in sewer blockages, then the answer should be to increase the design value for minimum tractive tension, rather than to import outdated empirical rules from conventional sewerage.
CONCLUDING REMARKS
Simplified sewerage has the potential to provide a high-quality low-cost sanitation service in poor urban areas throughout the developing world. However, its hydraulic design principles need to be properly understood and applied correctly if this potential is to be realised. Given that simplified sewerage is likely to be the principal way by which the UN millennium development goals sanitation target can be met in high-density urban areas, there is a pressing need for this sanitation system, together with its hydraulic intricacies, to be disseminated widely throughout the developing world. This is an activity that should exercise the minds not only of senior engineers and planners in ministries of water, local government and finance in developing countries, but also of senior policy makers in multinational and bilateral aid agencies. Unfortunately, at the present time, there is little evidence of this happening-to the detriment and death of the urban poor.
